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Slowing of Pulses to c/10 With Subwatt Power Levels
and Low Latency Using Brillouin Ampliﬁcation
in a Bismuth-Oxide Optical Fiber
César Jáuregui Misas, Periklis Petropoulos, and David J. Richardson
Abstract—We report the generation of slow light using Brillouin
ampliﬁcation in a short length of highly nonlinear bismuth-oxide
ﬁber. By using just 2 m of ﬁber, we demonstrate a ﬁve-fold
reduction in group velocity for ∼200-ns pulses, which we believe
to be a record for a slow-light propagation in an optical ﬁber.
Moreover, by virtue of the high nonlinearity per unit length of
this ﬁber, we achieve this at a very modest pump power level of
just ∼400 mW and with a low inherent device latency of 14 ns.
These results highlight both the merits and practicality of using
high nonlinearity nonsilica ﬁbers for slow-light devices.
Index Terms—Nonlinear optical ﬁbers, scattering, slow light,
stimulated Brillouin scattering (SBS).
I. INTRODUCTION
T
HE GENERATION of slow light has attracted signiﬁcant
interest in recent years, driven largely by the prospect
of realizing critical devices such as the optical tunable delay
lines, buffers, and memories required to fully exploit the po-
tential of all optical signal processing [1]. Slow-light gener-
ation is typically achieved by exploiting the refractive index
change associated with a sharp absorption (or gain) peak at the
wavelength of interest. Various media and associated physical
phenomena have been proposed and employed for this pur-
pose over the years (see, e.g., [2] and [3]). For example, by
exploiting the strong absorption resonances available within
ultracold atomic gases, in conjunction with electromagnetically
induced transparency effects, pulse propagation velocities as
low as 17 m/s have been demonstrated [4]. However, it is to
be appreciated that this degree of slowing can only be achieved
over a relatively narrow spectral bandwidth and involves a
complex setup—rendering it unsuitable for any real practical
application.
A breakthrough in the implementation of practical slow-light
devices came last year when two different research groups
independently demonstrated slow-light generation in an optical
ﬁber at room temperature using standard telecommunications
equipment [5]–[7]. These experiments used the resonance peak
associated with stimulated Brillouin scattering (SBS) to induce
controlled changes in the group index of the light propagating
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through the ﬁber. However, these demonstrations faced two
important challenges, namely the narrow bandwidth of the
Brillouin resonance (∼20 MHz) and the high pump powers
required to generate signiﬁcant delays. A possible solution to
the ﬁrst of these problems has recently been presented and
uses pseudorandom phase-shift-keyed modulation of the pump
beam in order to controllably broaden the effective Brillouin
gain bandwidth [8]. Slowing of a 10-Gb/s signal has now been
demonstrated by exploiting this approach [9].
However, this technique requires the use of even higher
pump powers due to the reduction of the peak gain which
accompanies the spectral broadening. Using longer lengths of
ﬁber can partially alleviate this problem; however, competitive
detrimental nonlinear effects such as four-wave mixing and
Raman scattering, which are also enhanced by the use of
longer ﬁbers, will ultimately degrade the quality of the signal.
Moreover,theuseoflongerﬁbersisalsoaccompaniedbyalong
time-of-ﬂight, which can cause synchronization and latency
issues. We have addressed this problem by exploring the slow-
light characteristics of highly nonlinear optical ﬁbers (HNLFs),
which offer a great potential for both reduced device lengths
and power requirements for slow-light devices, as discussed
below.
In this paper, we present the results of slow-light generation
experiments carried out using a 2-m-long bismuth-oxide HNLF
(Bi-HNLF). We have achieved a ﬁve-fold reduction in the speed
of light, modifying the propagation time from 14 to 69 ns.
Hence, the group velocity of light was just 29000 km/s, which,
as far as we know, is the lowest value reported within a solid
optical ﬁber. However, perhaps the most important feature of
our experiment is that these results were achieved using just
∼400 mW of pump power, i.e., more than 20 times lower power
levels than what is used in previous record-breaking experi-
ments [6]. Preliminary results from this paper were reported by
the study in [10]. In this paper, we support these earlier results
with more experimental data and provide additional theoretical
analysis. Note that a paper reporting SBS-based slow-light
generation in a highly nonlinear chalcogenide ﬁber [11] has
also recently been presented.
This paper is organized as follows: Section II gives a
brief theoretical insight into the slow-light effect; Section III
describes the experimental setup used for our experiments;
Section IV presents the experimental results obtained with the
Bi-HNLF. Finally, the conclusions to be drawn from this paper
are presented.
0733-8724/$25.00 © 2007 IEEE
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II. THEORETICAL BACKGROUND ON SLOW LIGHT
SBS is a well-known inelastic nonlinear effect [12] in optical
ﬁbers and leads to a strong coupling between a forward propa-
gating pump beam and a backward propagating Stokes ﬁeld via
an acoustic wave. The frequency difference between the pump
and Stokes waves is known as the Brillouin frequency shift
(typically of the order 10 GHz depending on the glass host and
ﬁber design). The effect has an associated linewidth dictated by
the phonon decay time within the medium, which is typically
of the order 20 MHz, but again depends on the glass host, ﬁber
design, and structural uniformity. SBS can thus be used as the
basis for an optical ampliﬁer with a forward propagating pump
beam providing gain to a backward propagating probe signal
beam for frequencies down-shifted from the pump about the
Brillouin frequency. The expression for the (natural logarithm
of the) gain parameter gB(ω) for the electric ﬁeld that arises
from the SBS ampliﬁcation process is given by [7]
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In (1), go is the Brillouin gain coefﬁcient which depends on
the material of the optical ﬁber, Aeﬀ is the effective area of
the ﬁber, Pp is the pump power, ω is the angular frequency
shift from the pump wavelength, ωs is the Brillouin angular
frequencyshift,ΓB isthefull-widthathalf-maximum(FWHM)
bandwidth of the Brillouin gain proﬁle, L is the length of the
ﬁber, and j is the imaginary unit.
The real part of (1) is directly related to the Brillouin power
gain G (again expressed in terms of a natural logarithm), where
the factor of 1/2 reﬂects the fact that the gain for the electric
ﬁeld is the square root of the power gain. The imaginary part
(φB) is responsible for the modiﬁcation of the propagation
constant of the ampliﬁed signal and therefore affects the phase
velocity of the light in the medium ∆νpB(ω)
φB(ω)=ω · ∆νpB(ω). (2)
The frequency dependence of this expression implies that there
will be some modiﬁcation of the group velocity, i.e., some
alteration of the speed at which the optical pulses propagate
through the ﬁber.
Thus, we can derive an expression for the propagation delay
of optical pulses induced by the Brillouin ampliﬁcation [τB(ω)]
as a function of frequency by differentiating the imaginary
part of (1)
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which can ultimately be expressed in terms of the natural
logarithm of the power gain
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This equation is useful since it allows one to predict the
anticipated delay at any frequency within the Brillouin gain
bandwidth using the experimentally measured Brillouin gain
proﬁle. It is worth noting, however, that although this equation
describes group delay, i.e., the delay induced in optical pulses
which have nonmonochromatic spectra, it has been obtained
under the assumption that the ampliﬁed signal is essentially
monochromatic. If the optical pulses are relatively short and
thus have a signiﬁcant spectral bandwidth relative to the SBS
linewidth, then the accuracy of (4) will be compromised.
Ultimately, this effect leads to gain-induced dispersion and
pulse distortion. Our analysis shows that (4) is approximately
valid for pulses with a spectral FWHM of at least six times
smaller than the FWHM bandwidth of the Brillouin gain
(as satisﬁed in the particular experiments that we report herein).
As revealed by (1) and (4), the induced delay depends on
the overall Brillouin gain achieved within the ﬁber, which
is proportional to goPpL/Aeﬀ. For previous demonstrations
in silica ﬁber, lengths of the order 1 km are needed in or-
der to achieve appreciable delays at practical power levels.
However, by moving to HNLFs with small cores made from
materials with inherently larger Brillouin gain coefﬁcients, we
can substantially reduce the power length products required
to achieve signiﬁcant gains (and, hence, signiﬁcant induced
delays). The Bi-HNLF used in our experiments has an effective
area of ∼3.0 µm2 compared to the ∼80 µm2 characteristic
of standard SMF-28 silica ﬁber, and its Brillouin gain co-
efﬁcient is ∼6.4∗10−11 (m−1 · W−1) in comparison with the
∼1.3∗10−11 (m−1 · W−1) characteristic of SMF-28. By com-
bining these two factors, we see that the use of Bi-HNLF means
that we can reduce the P∗L requirement for a given gain (delay)
by more than two orders of magnitude relative to SMF. As a
consequence, although the relatively high background losses
of such ﬁbers (typically ∼0.9 dB/m) restrict the maximum
practical device length to the 1–10-m regime, substantial pump
reductions can be achieved with these ﬁbers.
Importantly, the possibility of using shorter lengths of ﬁber
also produces obvious beneﬁts in terms of minimizing the
inherent latency of the device (i.e., the time-of-ﬂight through
the ﬁber in the absence of the Brillouin gain). For this particular
ﬁber length, the inherent latency is just 14 ns, as opposed to
the 5 µs associated with 1 km of silica ﬁber. The ratio of
the maximum amount of tunable delay to inherent delay also
scales by the same factor. This also offers beneﬁts in terms
of increasing the speed with which one can tune the induced
delay through the control of the pump amplitude, since the
modulation bandwidth will also scale as 1/L.
III. EXPERIMENTAL SETUP
The ﬁber used in our experiments was, as previously stated, a
bismuth-oxide highly nonlinear ﬁber. It was 2-m long and had a
2-µmcorediameteranda3.0-µm2 effectivearea.Therefractive
index of the core was ∼2.22. The background ﬁber loss was
∼0.9 dB/m.
Fig. 1 shows the experimental setup that we have used for
the generation of slow light in the Bi-HNLF. As can be seen,
it follows the general scheme of a pump-probe experiment.
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Fig. 1. Experimental setup used for the characterization of the slow-light properties of the Bi-HNLF ﬁber. EOM—Electrooptical modulator. P.C.—Polarization
controller. B.P.F.—Bandpass ﬁlter. L.P.F.—Low-pass ﬁlter. V.O.A.—Variable optical attenuator. E.D.F.A.—Erbium-doped ﬁber ampliﬁer.
A single laser is used to generate both the pump and the probe
beam, as ﬁrst proposed by Niklès et al. [13]. The light from this
laser is divided into two paths: One component of the beam is
sent through the pump path (lower branch in Fig. 1) and the
other component to the probe path (upper branch).
The beam in the pump path was ampliﬁed by a high power
ampliﬁerandthenlaunchedthroughatapcouplerandcirculator
into the Bi-HNLF. We were able to couple up to 450 mW
into the Bi-HNLF. Note that the Bi-HNLF was supplied with
SMF pigtails spliced to each end, greatly facilitating coupling
into the ﬁber. The coupling loss at each splice was esti-
mated to be ∼2 dB. The tap coupler was included to allow
us to continuously monitor the pump power launched into
the Bi-HNLF, which we controlled by adjusting the erbium-
doped-ﬁber-ampliﬁer (EDFA) pump power.
The beam in the probe path was ﬁrst chopped by an elec-
trooptic modulator (EOM) to provide a train of optical pulses
to serve as a probe signal. The EOM was driven by 200-ns
square electrical pulses derived from a pulse generator but were
ﬁrst ﬁltered using a 1.9-MHz low-pass ﬁlter (LPF) before being
applied to the EOM. The LPF was used to generate Gaussian
pulses whose optical bandwidth was much narrower than the
Brillouin linewidth of the ﬁber. This was done to reduce the
bandwidth of the optical pulses in order to reduce the scope
for signiﬁcant pulse shaping effects due to resonant dispersion
and to make it easier to establish the induced pulse delay. In
this way, a train of ∼200-ns-long quasi-Gaussian pulses was
generated at a repetition rate of 100 kHz. The unﬁltered square
electrical pulses were also used to provide a trigger signal for
our detection system and to provide a well-deﬁned reference for
our time-delay measurements.
Thepulsetrainwasthenphasemodulatedusinganelectroop-
tic phase modulator, which provided a frequency-shifted side-
band component of the pulse relative to the original seed laser
frequency. By changing the frequency of the phase modulation,
we could thus precisely tune the frequency of this probe pulse
component relative to the Brillouin pump beam, allowing us the
ﬂexibility to make measurements of the Brillouin gain/induced
delay across the full Brillouin gain bandwidth. Ordinarily, the
frequency of the microwave generator was set to match the peak
Brillouin frequency shift for this ﬁber (8.825 GHz at 1.55 µm).
The phase-modulated pulsed probe beam was then launched
into the ﬁber in a counter-propagating sense to the pump beam.
The probe pulses were both ampliﬁed and delayed as a result
of the Brillouin ampliﬁcation process within the ﬁber. This
resulting signal was then directed, by a circulator, to a high
extinction ratio (40 dB) ﬁber Bragg grating bandpass ﬁlter
of 6-GHz bandwidth. The use of this grating allowed us to
cleanly separate the desired probe signal component from the
pump and other (unampliﬁed) frequency components of the
probe. After this ﬁltering stage, the probe pulses arrived at
the detection system. This detection system included a variable
optical attenuator (VOA) to ensure that the average optical
power arriving at the detector was always approximately the
same. The waveforms were captured using a digital communi-
cations analyzer (DCA) triggered by thesquare electrical pulses
used to drive the EOM pulse-carver. By switching the pump on
and off and recording the output probe pulses in both instances,
we could thus determine the Brillouin-induced delay for the
given probe and Brillouin ampliﬁer settings.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The ﬁrst step in our characterization process was to measure
the Brillouin gain characteristics of the Bi-HNLF itself. The
Brillouin frequency shift was measured to be 8.825 GHz at
1.55 µm with an FWHM gain bandwidth of 38 MHz. The blue
dotted line in Fig. 2(b) shows a typical gain proﬁle, as mea-
sured in our laboratory. Brillouin gains as high as 36 dB were
obtained at the maximum usable pump power of 415 mW.
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Fig. 2. (a) Normalized waveforms of the output pulses for different frequency shifts of the probe. The maximum delay of 55 ns, corresponding to a ﬁve-fold
reduction in the speed of light, can clearly be seen. (b) Graph showing the Brillouin gain proﬁle (blue dotted line) and the experimental delay proﬁle (black dotted
line). The theoretical expected delays are shown for comparison (red dashed line).
After this, the frequency of the probe was swept from 8.8 to
8.85 GHz across the Brillouin gain bandwidth in 2-MHz steps
at a ﬁxed pump power of 415 mW, and the output waveforms
were recorded after each step. In this way, the spectral proﬁle
of the delay was obtained. There has been some discrepancy in
the literature about the best way of quantifying the pulse delay
due to the effects of pulse distortion that can accompany the
delaying of the pulse. Some authors propose the use of the pulse
peak as the characteristic feature that determines the pulse
position. However, other authors have chosen to use the “center
of gravity” of the pulse since it has been mathematically proven
that, under certain circumstances, superluminal propagation,
forexample,thereisnocausalrelationshipbetweentheposition
of the pulse peak at the input and at the output of the system
[14]. We thus decided to adopt the center of gravity approach
for our data. However, as shown in Fig. 2(a), we experienced
little pulse distortion in our experiments, and hence, there
would have been no real difference in our detailed results if we
had opted for measurements based on the pulse peak position
instead.
Fig. 2(a) shows the output waveforms as recorded by the
DCA during the frequency sweep of the probe. This graph
clearly shows the progressive delay of the pulses as the probe
frequency is increased toward the peak of the gain. At a
frequency higher than the Brillouin frequency shift, the output
pulse delay decreases again, as expected. The maximum delay
achieved was 55 ns (dashed dark-green waveform). A clear
separation between the reference obtained without the pump
(black waveform) and the delayed pulse can be seen within the
graph. It can also be seen that the amount of distortion of the
output pulse remains low for all frequencies/gains. There is a
certain amount of pulse broadening which increases with the
induced delay, but it is lower than 15% in terms of the FWHM
variation, even for the maximum delay.
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Fig. 3. Delay as a function of the Brillouin gain. The experimental data (black dotted line) are shown together with the theoretical delay (red dashed line). The
inset shows the reference (black dashed line) and maximum delayed waveforms (blue solid line).
Fig. 2(b) shows the spectral proﬁle of the delay obtained
with a continuous wave (CW) pump power of 415 mW at
1.55 µm. The proﬁle shows a maximum delay of 55 ns. This
delay corresponds to an approximate ﬁve-fold increase in the
time-of-ﬂight of the pulse in the ﬁber. Therefore, the speed of
light in the ﬁber has been reduced to just 29000 km/s, which to
the best of our knowledge is the smallest value yet reported in
a solid optical ﬁber. We would like to stress that this signiﬁcant
delay has been obtained with a CW pump power of less than
half a watt, which constitutes an improvement of more than
20 times with respect to the pump powers used in the previous
experiments with similarly short lengths of conventional ﬁber
(pump powers in excess of 10 W [6]). The signiﬁcance of
using the Bi-HNLF, both in terms of the reduction in the
required pump power and achievable time delays, is thus
evident.
It is also to be noted that the delay proﬁle also shows
frequency regions of pulse advancement (negative delay)
as predicted by (4). These areas are characterized by pulse
advancement and signal gain rather than loss, as previously
reported by other authors [15]. In this paper, a maximum pulse
advancement of 5 ns was obtained.
In Fig. 2(b), we also plot the theoretical delay prediction (red
dotted line) obtained by using the measured Brillouin gain data
(blue dotted line) within (4). As can be seen, the agreement
is reasonably good in the frequency range for which relatively
small gains are achieved. However, the experimental delay is
far higher than expected for frequencies experiencing a high
Brillouin gain.
To investigate this further, we set the probe frequency to
match the Brillouin frequency shift and investigated the delay
as a function of the total gain. The experimentally determined
relationship between the Brillouin gain (in decibels) and the
induced delay is shown in Fig. 3. From (1), it is predicted
that this relationship should be linear (as indicated by the red
dashed line plotted in Fig. 3). However, just as for the frequency
tuning case, we ﬁnd that the measured delay is signiﬁcantly
higher than expected at high gains. For gains below ∼20 dB,
the agreement between theory and experiment is again good.
We are currently investigating the reasons for this disagree-
ment but suspect that it is due to cavity effects associated
with reﬂections at the splices between the Bi-HNLF and the
SMF pigtails. It is well known that the characteristics of the
Brillouin gain (in particular, the effective gain bandwidth) can
be strongly modiﬁed by the presence of a feedback [16].
In the inset in Fig. 3, we provide a comparison of the output
waveforms both with and without the pump (set at 421 mW
in this instance). A maximum delay of 52 ns was obtained in
this case.
V. C ONCLUSION
In this paper, we have presented the ﬁrst reported slow-light
experiments in a highly nonlinear bismuth-oxide ﬁber. The re-
sults suggest the usefulness of highly nonlinear ﬁbers to greatly
reduce one of the most limiting problems of slow light in ﬁbers:
the need for high pump powers. We have achieved a 55-ns delay
increase in pulse propagation time through a 2-m Bi-HNLF.
This delay implies a ﬁve-fold reduction in the speed of light,
which we believe to be the highest slowing factor reported so
far in ﬁber. Although arguably, the most critical feature of these
experiments is that the CW pump power used was just 415 mW,
representing a 20 times power improvement with respect to the
previous slow-light speed reduction record. For the moment,
we simply note our observation of larger than predicted delays,
which, as previously stated, is the focus of a detailed ongoing
investigation. We anticipate further publications on this issue
once this paper is completed.
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